, the northeastern portion of the Tibet Plateau (Fig. 1a) (Dewey et al., 1988). The Tibet Plateau (>165 Ma) sillimanite-to migmatite-grade event (M 2 ) developed has been the subject of a number of studies, which have during predominantly east-west compression (D 2 ). A final green-focused on the Himalayas themselves and on the major schist-facies event (M 3 ) is best developed in shear zones of probable strike-slip faults within, or fault zones along, the margin Himalayan age. P-T conditions during M 1 varied from >3-5 of the Tibet Plateau (e.g. Dirks et al., 1994; Roger et al., kbar and >410-530°C (biotite zone) to 5·3-8 kbar and 1995; Arne et al., 1997; Meng & Zhang, 1999) . In 570-600°C (staurolite and kyanite zones), and during M 2 from comparison, little work has focused on the interior of the 4·8-6·3 kbar and 640-680°C (sillimanite zone) to 5·8-6·2 SGOB. As the SGOB resulted from the closure of the kbar and 660-725°C (migmatite zone). Clockwise P-T-t seg-Palaeo-Tethys and subsequent continental collision and ments were inferred for the staurolite, kyanite and sillimanite zones. convergence associated with interaction between the TiMuscovite-dehydration melting during M 2 was largely responsible bet, Indochina, South China and North China Blocks for the generation of migmatites and locally voluminous pegmatites. (Xu et al., 1992) , the multiphase deformational and metaThe polyphase tectonometamorphic evolution of the eastern Tibet morphic evolution of the SGOB is critical for underPlateau, as documented in the Danba area, resulted from interactions standing the Mesozoic-Tertiary tectonometamorphic between the Indian, Tibet, and the South and North China Blocks. evolution of the Tibet Plateau.
GEOLOGICAL SETTING Songpan-Garzê Orogenic Belt
The SGOB is bounded to the north, south, SE and west by the North China, Indochina, South China and the Tibet Blocks, respectively (Fig. 1a) . It was formed by shortening and closure of a large sedimentary basin during late Triassic subduction of the South China Block northwards under the North China Block (Laurasia), and of the Tibet (North and South Tibet) Block eastwards under the South China Block (Dewey et al., 1988; Mattauer et al., 1992; Xu et al., 1992) . The sedimentary basin comprised a thick (5-10 km) sequence of Triassic flysch that was conformably deposited on a 4-6 km thick Sinian (Neoproterozoic)-Palaeozoic succession of sedimentary rocks and basalts (Zhang & Luo, 1988) , which themselves unconformably overlie crystalline pre-Sinian (ArchaeanMesoproterozoic) basement of the South China Block.
Two major episodes of granitic magmatism have been recognized in the SGOB (Fig. 1b) . The first comprises calc-alkaline mica granites with U-Pb zircon ages of >209-190 Ma (Mattauer et al., 1992) . These granites intrude the Triassic sequence, are pre-to syn-tectonic with respect to penetrative deformation of presumed Indosinian age and are characterized by contact aureoles of 1-5 km width. The second comprises numerous elongate Miocene-age biotite granite plutons that are aligned along the sinistral Xianshuihe strike-slip fault zone.
The composite Neoproterozoic-Triassic sequence was multiply metamorphosed and deformed during late-to post-Triassic collisions involving the Tibet, North China and South China Blocks. During the Indosinian Orogeny, scale intracontinental top-to-the-south high-strain zone metamorphic terranes and F 1 fold axial traces (modified from Xu et al., 1992) . ICB, Indochina Block.
that resulted in considerable crustal thickening (Mattauer et al., 1992) . In general, the Triassic sediments experienced very low-to low-grade greenschist-facies metamorphism, and 2) and the Xuelongbao dome in the Longmenshan but the Sinian-Palaeozoic sequences (e.g. in the Danba of the eastern SGOB (Dirks et al., 1994; Fig. 1a) . Meta-area) experienced higher-grade medium-pressure metamorphism in these medium-to high-grade regions is morphism at this time (Mattauer et al., 1992) . generally considered to have occurred at the deepest During the Himalayan collision between India and structural levels of the SGOB during the Indosinian Asia, NW-striking strike-slip faulting and thrusting to Yanshanian (>190-65 Ma; Ren et strongly modified the tectonic grain of the terrane. Strikeal., 1987; Fig. 3) Orogenies (e.g. Xu et al., 1992) . However, slip movement is represented by the lithospheric-scale their P-T conditions, P-T-t-deformation path, and uplift ductile sinistral Xianshuihe and Red River faults (Figs mechanism (see Hou, 1996) are generally not well con-1a and 3) that crosscut the SGOB. The Xianshuihe fault strained. In this study, we present new data to determine has been active since at least 16-12 Ma (Mattauer et al., 1992; Roger et al., 1995) , following the extrusion of the the P-T-t history in the highest-grade portion of the Zhou et al., 1981; Hou et al., 1996) . (b) Detailed metamorphic map around Danba Township in (a). Also shown are sample locations (Χ) with sample numbers corresponding to Table 1 . CND, Cunnuchan dome; GCD, Gongcai dome; GZD, Gezong dome; QGD, Qinganlin dome; Ser, sericite; Mig, migmatite; XF, Xianshuihe strike-slip fault. Mineral abbreviations after Kretz (1983) .
Indochina Block from the South China Block along the nuchan (CND), Gongcai (GCD), Gezong (GZD) and Qinganlin (QGD) domes; Fig. 2 ) and the overlying metaRed River fault between 50 and 20 Ma (Tapponnier et al., 1990; Fig. 3) . NE-trending Longmenshan foreland morphosed and deformed Sinian-Mesozoic cover. The Gongcai gneiss suite is dominated by migmatized plagiothrusts were formed or reactivated with lateral movement at this stage (Xu et al., 1992; Arne et al., 1997) .
clase-rich orthogneisses with inferred emplacement ages between 784 ± 24 Ma (Gongcai orthogneiss; Xu et al., 1996) and 864 ± 26 Ma (Gezong orthogneiss; Xu et al.,
Local geology of the Danba region
1996; Fig. 3 ). The cover can be divided into four main lithological associations in ascending order ( Fig. 2) : (1) The DDMT comprises a complex of pre-Sinian basement orthogneisses (Gongcai gneiss suite exposed in the Cun-lowermost Sinian massive dolomitic marbles with a thin VOLUME 44 NUMBER 2 FEBRUARY 2003
Fig. 3.
Sequence of regional events, and timing of deformation events constrained by geochronological data in the SGOB and DDMT. It should be noted that the Yanshanian Orogeny brackets a long time period, but it occurred at different stages in different places in China or east Asia (Ren et al., 1987) . The bold bars represent the age data of Huang et al. (2002) .
basal layer of micaschist and gneiss; (2) Silurian characterized by extensive upright, generally east-west-(Ordovician)-Devonian metapelites intercalated with trending chevron folds (Fig. 5; Calassou, 1994) , with a quartzite, amphibolite, calc-silicate and marble; (3) variably developed axial planar slaty cleavage. D 1b folding Carboniferous-Permian calcite marbles and metabasalts is ubiquitous in the Triassic flysch sequence across the with minor metapsammitic rocks; (4) Triassic flysch, SGOB. It also intensifies towards lower structural levels which comprises metasandstones, slates and phyllites. and changes from upright chevron folds to isoclinal folds with a penetrative axial planar foliation (S 1b ; Calassou, 1994; Dirks et al., 1994; Worley et al., 1997) that is defined by the preferred orientation of muscovite, biotite, Large-scale structural evolution staurolite and kyanite depending on grade. Between the At least three deformation events can be distinguished base of the Triassic and the pre-Sinian basement, D 1b based on the sedimentation record in the Triassic basin produced widespread high-shear zones of centimetre to and overprinting fabrics . Among these events, hundred metre width and up to kilometre-scale layer-D 1 can be divided into an early episode (D 1a ) and a major parallel, isoclinal recumbent F 1b folds that developed episode (D 1b ).
within a high-strain zone of kilometre to tens of kilometre For D 1a , the lack of sediments younger than Norianscale (Mattauer et al., 1992; Dirks et al., 1994; Figs 5 and Rhaetian (>210-205 Ma) indicates that sedimentation 6a and b). The contact between the basement orthogneiss in the SBOB was terminated in the late Triassic, preand Sinian rocks forms a major D 1b shear zone at the sumably as a result of tectonism. This is consistent with base of this high-strain zone. Regionally, F 1b fold axes the emplacement ages of >206-190 Ma syn-tectonic trend approximately east-west, and the L 1b mineral lingranitoids within the SGOB (Mattauer et al., 1992) . The eation is approximately north-south-oriented (plunging S 1a fabric appears to be sub-parallel to bedding (S 0 ). 0-20°NNW-NNE; Fig. 5 ). Within the high-strain zone, Around Indosinian granites at high stratigraphic levels mica fish, asymmetric pressure shadows, and rotated the S 1a fabric defined by sericite + quartz + graphite garnet and kyanite are commonly developed. is preserved as inclusion trails in contact metamorphic
The consistent asymmetry of kinematic indicators within andalusite or staurolite, e.g. around the 204 Ma Keerying the north-dipping S 1b foliation is in accordance with topgranite (Xu et al., 1992) , >70 km to the north of Danba to-the-south shearing during D 1b (Fig. 5 ). Within the Town (Fig. 1b) . Therefore, D 1a occurred between >210 DDMT, the asymmetry of overturned F 1b folds and the and 204 Ma.
overturned southern margins of the CND, GCD and D 1b represents the most significant deformation event QGD (Fig. 2) are further evidence supporting northin the DDMT. F 1b folding intensifies with increasing structural depth. Within the Triassic sequence, D 1b is over-south shearing and compression. Geochronological studies suggest that D 1b occurred between >205 and D 3 is is characterized by NW-SE-trending sinistral strike-slip shear zones, and NW-SE-trending and NE->190 Ma (Huang et al., 2002) .
Similar observations have been made around the dipping thrusts and mesoscopic folds (Figs 1b, 5, and 6b and f ). D 3 quartz-sericite-chlorite mylonite zones of tens Jianglang dome in the southern SGOB (Xu et al., 1992) and the Xuelongbao dome in the central Longmenshan of metres width occur along the strike-slip zones and thrusts. F 3 folds were found only in some incompetent (Dirks et al., 1994; Fig. 1b) , where Barrovian-type metamorphic (chlorite to kyanite) zones were developed during lithologies, and exhibit a steeply NE-dipping (>60°) crenulation cleavage or retrogressive schistosity (S 3 ; Fig. 5 ). early shearing. This suggests that non-coaxial D 1 deformation is regionally distributed throughout the SGOB. The thrusts and strike-slip faults have the same grade and orientation, suggesting that D 3 occurred in a tranThe D 2 event is expressed by north-south-trending, open to tight folds with amplitudes ranging from cen-spressional setting. D 3 is thought to have formed as a response to Tertiary Himalayan movement, and may timetres to tens of kilometres ( Fig. 6a and b) . F 2 folds that overprint F 1 fold structures have a variably de-have been synchronous with the well-dated (Miocene) Xianshuihe strike-slip fault (Roger et al., 1995) . veloped, sub-vertical axial planar cleavage (S 2 ; Fig. 5 ). In the M 2 sillimanite and migmatite zones in the northern DDMT, S 2 is defined by preferentially oriented sillimanite and mica and represents the highest-grade fabric. In
Intrusive rocks
contrast, to the south in the M 1 chlorite-sericite to kyanite zones S 2 occurs as a fracture foliation that overprints the There are five major suites of granitoids in the Danba higher-grade S 1b at a high angle. On a map-scale, F 2 area (Fig. 2a) , at least one of which clearly pre-dates the folds deform M 1b metamorphic isograds, and refold (1) The Manai granite (conventional U-Pb zircon ages folds [Type 2 interference pattern of Ramsay (1967) ]. of >206 Ma, Xu et al., 1992 ; >197 ± 6 Ma, Calassou, On a larger scale, D 2 is responsible for the arcuate trend 1994; Fig. 3 ) mainly comprises biotite granite and is of S 1 throughout the SGOB ( Fig. 1b; see Xu et al., 1992) . intensely deformed. It has been interpreted as a syn-U-Pb (titanite and monazite) and Sm-Nd (garnet-whole orogenic (D 1a ) granite emplaced during the Indosinian rock) geochronological data suggest that M 2 took place Orogeny (Calassou, 1994) before high-grade regional metamorphism. at >168-158 Ma (Huang et al., 2002) . Together, field and geochronological data strongly suggest that M 1 and (2) The Manai syenite shows the same consistent north-south-trending composite S 1 -S 2 foliation as the M 2 are separate events. Lower hemisphere stereoplots refer to orientations of the L 1b lineation, and poles to S 1b , S 2 and S 3 throughout this area. Data were incorporated from Zhou et al. (1981 ), Calassou (1994 , Hou et al. (1996) and this study. Symbols are as in Fig. 2 . A top-to-the-south shear sense is also indicated by asymmetric inclusion trails. (f ) Tight F 3 folds of the S 2 foliation were defined by sillimanite and mica. This is strongly folded, and a weak S 3 axial planar foliation defined by sericite and minor chlorite is locally developed.
Manai granite and with it probably formed part of an have been replaced by M 2 assemblages, whereas on the eastern side they overprint M 1b assemblages. The Bianer Indosinian composite intrusion.
(3) The Bianer suite consists of monzonite and minor suite and Mongou pluton have not yet been dated, but both appear to cut across D 1 folds (Fig. 5) . In other areas quartz diorite. Contact metamorphism around this suite overprinted probable D 1 fabrics.
to the west of the DDMT, this generation of granitoid is cut by D 3 faults. Therefore, it appears to be broadly (4) The north-south-trending Mongou biotite granite intrudes the Manai granite. The contact metamorphic coeval with D 2 .
(5) The Zheduoshan granite suite is dominated by assemblages on the western side of the Mongou granite biotite-muscovite granite and was emplaced at 16-13 with the mineral paragenesis Ser + Qtz ± Chl. Chlorite is associated with prograde assemblages in the principal Ma into the sub-vertical Xianshuihe strike-slip fault zone (Roger et al., 1995) .
S 1b crenulation cleavage that overprints S 1a , which is itself defined by quartz, graphite and sericite.
METAMORPHIC ZONES, MINERAL Biotite zone ASSEMBLAGES AND
In the eastern and western DDMT, this zone is restricted
MICROTEXTURES
to the Triassic metasediments, whereas in the southern DDMT it includes the marble-dominated SilurianAssemblages in metapelites and amphibolites are the Permian sequence (Fig. 2a) . The typical mineral asfocus for discussion of this study, and their distribution semblages are Bt + Ms + Qtz ± Chl ± Pl in metapelites as a function of metamorphic grade is summarized in and Act + Ep (Czo) + Chl + Ab + Qtz ± Bt in Fig. 4 . Mineral abbreviations are after Kretz (1983) . metabasic rocks. The DDMT can be divided into a series of metaIn metapelites, biotite and muscovite define L 1b and morphic zones based on mineral assemblages in metathe principal foliation (S 1b ). Biotite commonly occurs as pelitic rocks (Fig. 2) . The majority of zones are typical elongated porphyroblasts up to 4 mm in length that of medium-pressure Barrovian-type metamorphism (Sercontain inclusions of graphite, quartz and rare chlorite. Chl, Bt, Grt, St and Ky zones). All isograds are commonly These inclusion trails define open to tight internal crenparallel to, but locally crosscut at a high angle, the grossulations of S 0/1a , or a straight internal foliation that is at scale lithostratigraphy. The discordance between M 1 isoa low angle to the external S 1b foliation, suggesting that grads and the stratigraphy implies that large-scale folding biotite formed during D 1b . had already taken place before the isograds were set. The Barrovian metamorphic zones are roughly symmetric with respect to the north-south-oriented basement domes, with metamorphic grade decreasing towards the Garnet zone east and west. In addition, M 2 sillimanite (Sil) and mig-This zone is restricted largely to the upper Devonianmatite zones (Mig; defined by partial melting in ortho-Permian sequence. Assemblages in metapelites and amgneisses and metapelites) can be differentiated in the phibolites are Bt + Ms + Grt + Qtz ± Chl ± Pl and granitic basement and closely adjacent metapelitic rocks Hbl + Pl + Czo (Ep) + Qtz + Ttn ± Chl ± Bt, in the northern DDMT (Fig. 2) . The sillimanite-in isograd respectively. occurs around the domes in the northern DDMT, and
In metapelites, biotite occurs as porphyroblasts up to 7 crosscuts the M 1b garnet, staurolite and kyanite isograds, mm long, and in the matrix. The former show crenulated and the closure of an F 1b fold, developed in Silurian-inclusion trails similar to those in the biotite zone and Devonian sedimentary units (Figs 2 and 5). Locally, the suggest growth early during D 1b . The porphyroblasts are sillimanite-in isograd is also folded by D 2 structures, typically deformed (mica fish), and indicate a top-tosuggesting that M 2 occurred syn-to late-D 2 . In the NW the-south sense of shear during D 1b . Garnet occurs as portion of the DDMT sillimanite-zone rocks are in fault subhedral, inclusion-rich porphyroblasts (2-4 mm diacontact with much lower-grade equivalents (Fig. 2 ). In meter) in which quartz defines an internal foliation that early maps of the DDMT (Hou et al., 1996) this fault is generally continuous with, but locally discontinuous at was interpreted as a D 3 thrust. However, given the overall variable angles to, the external foliation (S 1b ). This suggests transpressive nature of NW-SE-trending D 3 faults, its that garnet growth was early to peak-D 1b . orientation within the D 3 stress field suggests that this is either a D 3 normal fault or a late fault unrelated to D 3 .
Metapelitic rocks exhibit abundant textural in-Staurolite zone
formation that provides good constraints on the timing This zone is developed in Silurian-Devonian sequences relationships between deformation and metamorphic in the eastern and southern DDMT. Metapelitic rocks mineral growth (Fig. 4) , as described below.
are medium-to coarse-grained schists. The common assemblages are St + Grt + Bt + Ms + Qtz ± Pl ± Ilm in metapelites, and Hbl + Pl + Czo (Ep) + Qtz Sericite-chlorite zone
Garnet in metapelites occurs in three forms. First, it This zone corresponds to the structurally highest Triassic sequence, and is consistent with the regional low-grade forms 3-15 mm diameter, equant, euhedral to subhedral poikiloblasts with inclusion-free rims of 0·1-0·3 mm width metamorphism observed in the Triassic elsewhere in the SGOB. Metapelites from this zone are slates and phyllites, that are commonly included in staurolite. Inclusions of fine-grained quartz, plagioclase, biotite and minor biotite content increases upgrade from the sillimanite-in ilmenite in the garnet cores define a sigmoidal to linear isograd. internal foliation (S i ) that is locally discordant with respect Sillimanite is primarily fibrolitic and occurs in S 2 (Fig. to the external foliation S e (S 1b ). This garnet type is 7c), where it defines a sub-horizontal, L 2 north-southinterpreted to have started growing at an early stage of oriented lineation (Fig. 5) . Locally, sillimanite also occurs cleavage development of S 1b in a single continuous pro-in S 1b , where it is inferred to overgrow M 1 minerals grade growth period (see Bell & Rubenach, 1983) . In high-mimetically. Fibrolitic or prismatic sillimanite also forms strain zones, inclusion-rich garnet may show evidence for elongated pods in quartz or pegmatite veins (Fig. 6f ) . syn-D 1b growth and rotation ( Fig. 6c-e) . The second Two texturally distinct generations of garnet occur garnet type occurs as inclusion-poor, elongated, anhedral in this zone. The first occurs as euhedral-subhedral grains aligned parallel to S 1b . This garnet type is finer poikiloblasts, similar to those in the staurolite and kyanite grained than the first, but contains coarser inclusions of zones, although with lower abundance. These poikiloquartz and biotite. It is interpreted to represent mineral blasts are truncated and replaced by sillimanite ingrowth at the peak of M 1b -D 1b . Lastly, garnet may occur tergrown with biotite (Fig. 7d) . The second generation as fine euhedral crystals (0·2-0·6 mm) that overgrow S 1b is less common, and occurs as fine-grained, anhedral, (Fig. 7a ). This generation is interpreted as a late growth elongated grains (Fig. 7e ). These grains are aligned possibly related to D 2 , as discussed below for texturally parallel to the sillimanite foliation. These relationships similar garnet in the kyanite zone.
suggest that the first garnet type is syn-D 1 (M 1 ) and the Staurolite is generally restricted to the top unit of the second may be syn-D 2 (M 2 ). Rarely, euhedral garnet also upper Silurian pelitic suite. It forms coarse, euhedral overgrows sillimanite, representing relatively late growth. tabular poikiloblasts (up to 10 cm) elongate in L 1b . Por-Staurolite is locally present as an isolated relict phase phyroblasts contain inclusions of quartz, biotite, euhedral undergoing replacement by sillimanite, biotite and garnet. garnet and, rarely, ilmenite. These define internal fo-Immediately adjacent to the sillimanite-in isograd, relict liations with similar relationships to the external S 1b M 1 kyanite locally coexists with M 2 sillimanite. foliation as seen at lower grades in biotite (Fig. 7b) , and which imply syn-D 1b staurolite growth.
Migmatite zone
The migmatite zone is variably developed in the dome
Kyanite zone
cores and overlying metasediments in the northern part This zone is restricted to the Silurian sediments around of the DDMT (Fig. 2) . Amphibolites exhibit similar the GCD (Fig. 2) . The most common assemblages include assemblages to those in the sillimanite zone. Based on Ky + St + Grt + Bt + Ms + Qtz ± Pl ± Ilm and the structural definitions of Mehnert (1968) and McLellan St + Grt + Bt + Ms + Qtz ± Pl ± Ilm in metapelites. (1983) , two distinct migmatite types (stromatic migmatites Amphibolites display similar assemblages to those in the and metapelitic lenticular migmatites) occur. The strostaurolite zone. matic migmatites can be further divided into those that Garnet and staurolite show similar textures to those in develop in basement quartzofeldspathic orthogneisses and the garnet and staurolite zones, but are coarser grained. pelitic migmatites, respectively. The stromatic basement Kyanite is oriented in S 1b (Fig. 6e) , or rotated relative to migmatites (Fig. 7f ) will not be discussed in detail here. S 1b , suggesting that it grew at the peak of M 1b -D 1b . Migmatitic metapelitic rocks experienced the highest Texturally late, fine-grained garnet from a metapelite in metamorphic grade in the DDMT and occur nowhere this zone has yielded an Sm-Nd (garnet-whole-rock) age else in the SGOB. of >160 Ma, i.e. an M 2 age (Huang et al., 2002) , implying Muscovite-poor stromatic metapelitic migmatites are a syn-M 2 growth.
locally present in Sinian-Silurian metapelites around the CND (Fig. 2a) . The leucosomes in these rocks are concordant with S 2 or a composite S 1 -S 2 sillimanite-
Sillimanite zone
biotite foliation (Fig. 7g) . They make up 2-20 vol. % of the outcrop and are characterized by the assemblage Sil In the sillimanite zone, the representative parageneses + Bt + Pl + Qtz ± Ms ± Kfs. The assemblage are Sil + Bt + Ms + Qtz ± Grt ± Ilm ± Pl in Sil-Kfs occurs mainly in metapelites around the basement metapelites, and Hbl + Pl + Qtz ± Grt ± Czo ± Bt of the CND. In these migmatites muscovite appears as ± Ttn in amphibolites. In metapelites, muscovite is relics within K-feldspar, plagioclase and quartz, and much less common than biotite, and its abundance plagioclase is locally surrounded by K-feldspar. The decreases progressively northwards through the silmesosomes comprise Sil + Bt + Qtz ± Grt ± Pl ± limanite zone. Biotite occurs as porphyroblasts rich in graphite inclusions and as flakes in the matrix. The modal Ms. K-feldspar-present and -absent leucosomes probably formed by different melting reactions, as discussed below. Garnet Metapelitic migmatites characterized by distinctive Garnet in amphibolites is commonly unzoned, with the leucocratic lenses occur within the lower Sinian sequence exception of garnet from garnet-amphibole-biotite schist on the southern side of the GCD. These lenses are up 9819 (Table 2 ; Electronic Appendix 1a), which preserves to 6 cm in length and 4 cm in width, and consist of Pl growth zoning (discussed below). All garnet in am-+ Kfs + Qtz + Ms + Bt ± Grt with minor kyanite phibolites from the staurolite, kyanite and migmatite and/or sillimanite (Ky + Sil >1-3%). Between the lenses zones is almandine rich (Alm 0·57-0·76 Prp 0·09-0·11 Grs 0·11-0·28 are discontinuous mica-rich segregations that contain Ms Sps 0·01-0·07 ), with Fe/(Fe + Mg) ranging between 0·81 + Bt + Qtz + Pl + Ky + Sil ± Grt. Microcline and 0·94. occurs as 1-20 mm crystals rich in inclusions of relict, Garnet in metapelites is almandine rich, and shows isolated plagioclase, muscovite and kyanite (Fig. 7h) . variable pyrope, grossular and spessartine contents Locally, the metapelitic lenticular migmatites preserve (Alm 0·62-0·84 Prp 0·06-0·155 Grs 0·03-0·22 Sps 0·01-0·19 ) ( Table 2 ; Elecenclaves of kyanite-bearing micaschists, or can be traced tronic Appendix 1b). The Fe/(Fe + Mg) of M 1 garnet laterally into kyanite-bearing micaschists.
rims decreases slightly from the garnet (0·89) to migmatite In the sillimanite and migmatite zones, peraluminous zones (0·85). Fine-grained, late-M 2 garnet shows lower granitic pegmatites are extremely abundant. Minor peg-pyrope contents and higher Fe/(Fe + Mg) (0·89-0·93). matite veins are also observed in the staurolite and kyanite Most garnet porphyroblasts in metapelites are comzones and basement cores. Pegmatites mainly comprise positionally zoned. Three patterns of chemical zonation Pl (Ab) + Mc + Ms + Bt + Qtz. Some additionally have been observed: (1) normal zoning (e.g. staurolite contain large beryl, garnet and tourmaline crystals. They zone sample D976; Fig. 8a ) characterized by bell-shaped are generally oriented parallel to, but locally crosscut, S 2 . zoning profiles for spessartine and grossular, as well as At least two generations of pegmatites can be identified, Fe/(Fe + Mg) decreasing from core to rim; (2) completely and all have been deformed by D 3 (e.g. Fig. 6b ). This flat compositional profiles, which occur in all garnets <3 suggests that pegmatites were emplaced post-D 1 to pre-mm diameter in the central part of the migmatite zone D 3 and were probably related to M 2 metamorphism.
(e.g. sample 9821; Fig. 8b) ; (3) zoning profiles intermediate between (1) and (2), in which steep compositional gradients near grain rims have been partially homogenized to
Localized M 3 metamorphism form plateaux. Coarse-grained garnets (>5 mm diameter) Retrograde textures related to D 3 are developed to vari-with these profiles occur locally in the sillimanite (e.g. able extents in all zones. Where D 3 folds are present, sample D972334; Fig. 8c ) and migmatite zones (e.g. pre-existing minerals are deformed and kinked. In all sample 9819; Fig. 8d ). Type 1 zoning patterns are typical retrogressed metapelites, biotite and garnet are altered of prograde garnet growth at medium to low grades along margins and/or microfractures to chlorite, whereas (Tracy, 1982; Spear et al., 1991) , and in the DDMT are kyanite and feldspar are commonly altered to sericite. likely to have developed during prograde M 1 . These Chlorite and sericite occur as retrograde phases that garnets additionally may show narrow rims with higher define the mylonitic foliation in all of the NW-trending Fe/(Fe + Mg), which probably resulted from limited D 3 shear zones.
late retrogression or diffusion during cooling (Tracy, 1982 Kretz (1983) .
core to rim decrease in Mg from 0·39 to 0·29 p.f.u. and
The composition of plagioclase in metapelites is varian increase in Fe/(Fe + Mg) from 0·81 to 0·85.
able ), but no systematic change with increasing grade was found ( closed-system garnet growth at the expense of plagioclase in the garnet zone to andesine (An 43 ) in the sillimanite (see Spear et al., 1991) . Opposite plagioclase compositional zone (Table 2 ; Electronic Appendix 1a). Plagioclase trends occur in sillimanite-grade metapelites where garnet inclusions in amphibole and garnet are generally more is replaced by sillimanite, biotite and new plagioclase anorthitic than that in the matrix, but are generally (e.g. sample D9741 plagioclase cores: An 21 ; rims: An 28 ). unzoned. In sample 9819, which contains garnet porIn some sillimanite-grade, garnet-free metapelites, plagiophyroblasts up to 22 mm diameter, matrix plagioclase is abnormally albitic (An 18 ).
clase occurs as elongate porphyroblasts intergrown with sillimanite and biotite and is very rich in anorthite (e.g. zone). Biotite included in garnet has lower Fe/(Fe + An 85 ). These anorthite-rich porphyroblasts are interpreted Mg) than other types of biotite. The F and Cl contents as resulting from the complete breakdown of garnet of biotite are 0·047-0·158 and 0-0·003 anions p.f.u., during M 2 . respectively. The Si content of muscovite varies between 3·02 and 3·16 cations p.f.u. based on 11 oxygens (Table  2 ; Electronic Appendix 1d), with the values in the sillimanite and migmatite zones slightly lower than in the Biotite and muscovite other zones. Muscovite contains 5-20 mol % paragonite Most biotite, especially that from sample D976 and from component. the kyanite zone, displays low K contents (K + Na + Ca = 0·83-0·98 cations p.f.u.; Table 2 ; Electronic Appendix 1d). This may reflect minor late alteration. At Amphibole the lower grades, biotite porphyroblasts are slightly zoned, According to the nomenclature of Leake (1978) , amwith Fe and Ti increasing from core to rim, whereas in phiboles in the amphibolites analysed are classified as the migmatite zone biotite porphyroblasts are comferro-tschermakitic hornblende, tschermakitic hornpositionally homogeneous. The Mg content decreases blende and tschermakite (Table 2 ; Electronic Appendix and Ti content increases with increasing metamorphic 1a). Sample 9820 from the basement has the lowest Al grade (from 1·35 and 0·094 cations p.f.u. in the biotite zone to 0·965 and 0·171 cations p.f.u. in the migmatite content (2·005 p.f.u.). Amphibole in sample 9819 is cummingtonite, which could have been derived from with the software AX98 (T. J. B. Holland, personal originally very Fe-rich marl as the rock contains abundant communication, 1998; Table 3 ). Amphibolites were not magnetite and as calcite was found within coexisting used for average P-T calculations because of their relgarnet. No obvious correlation exists between amphibole atively high variance. Two types of calculations were chemistry and metamorphic grade.
made: (1) average pressures (avP) or average temperatures (avT ) were calculated for a fixed range of temperatures or pressures, respectively; (2) average pressures and temperatures (avPT ) were calculated simultaneously. Av-
Chlorite
erage P, T and average PT results are given in Table 4 . Primary chlorite in metapelites from the biotite and Results satisfy the least-squares test with fit <1·4. garnet zones has total Al contents of 5·44-5·52 cations Even though no suitable conventional geop.f.u. Chlorite from the biotite zone has lower Fe/(Fe thermobarometers are available for P-T calculations for + Mg) (0·44-0·45) than that from the garnet zone the biotite-zone micaschists (Bt-Ms-Chl-Pl-Qtz), (Table 2 ; Electronic Appendix 1e). Retrograde chlorite THERMOCALC calculations for two metapelites in amphibolites has more scattered compositions, with (sample D973 and 9836) in this zone gave avPT of 490 Si, Al and Fe contents ranging from 5·15 to 5·72, 4·72 ± 40°C and 4·9 ± 3·4 kbar and 480 ± 70°C and 3 to 5·54 and 2·57 to 3·27 cations p.f.u., respectively. Fe/ ± 3 kbar, respectively (Table 4) . M 1 average tem-(Fe + Mg) of the retrograde chlorite lies in the range peratures (avT ) and pressures (avP) change from 0·28-0·35.
>560-580°C and >4·8-6·4 kbar (garnet zone) to 580-590°C and 5·3-7·4 kbar (staurolite and kyanite zones). M 2 average temperatures (avT ) and pressures (avP) change from >640-680°C and 4·8-6·3 kbar (sil-
METAMORPHIC P-T CONDITIONS
limanite zone) to >660-700°C and 6-6·2 kbar (migSelected metapelites and amphibolites ( Fig. 2a ; Tables 1 matite zone; Table 4 ). Average pressure-temperature and 2) were used to calculate P-T conditions for the calculations from all metapelites except sample D9741 major metamorphic zones. Where garnet displays growth are very close to the individual average pressure and zoning, the compositions just inboard of narrow retro-temperature estimates (Table 4) . Sample D9741 in the grade rims were used to estimate the peak temperatures sillimanite zone yielded higher avPT values of 717 ± and pressures. For those garnets in the sillimanite and 78°C and 6·3 ± 2·6 kbar. The large uncertainties are migmatite zones that show flat compositional profiles, interpreted to result from late incomplete re-equilibration, the average compositions were used. The average com-as this sample shows moderate retrogression to chlorite positions of matrix biotite were used for geo-and sericite. AvPT values from sample 9827 in the thermobarometry. The average or most albitic rim sillimanite zone are of lower pressure (4·8 ± 3 kbar) and compositions of plagioclase were used for geobarometric higher temperature (678 ± 284°C) than the average calculation (Spear et al., 1991) . Mineral end-member pressure and temperature. These higher 2 uncertainties activities are listed in Table 3 , and results of P-T calcould be related to the limited number of mineral endculations are summarized in Tables 4 and 5. members available in the mineral assemblage (SilGrt-Bt-Ms-Qtz) for this rock.
Average P-T calculations Average P-T conditions of mineral assemblages were Conventional geothermobarometry of calculated based on the equilibrium thermodynamic amphibolites method of Powell & Holland (1988) and Holland & As amphibolites lacked sufficient minerals to yield linearly . Calculations were carried out using version independent sets of reactions, conventional geo-2.6 of the program THERMOCALC thermometry and geobarometry were applied to calculate together with the Holland & Powell (1998) internally P-T conditions (Table 5 ). Using the garnet-hornblende consistent thermodynamic dataset. Many of the metageothermometer of Graham & Powell (1984) , tempelitic rocks contain minor graphite, and so would have peratures were estimated at 586 and 630°C for the coexisted with a fluid of mixed CO 2 and H 2 O with kyanite-zone samples D97123 and D9720, respectively. X H2O buffered to high values but <1 (Ohmoto & Kerrick,
The former result is consistent with that of THERMO-1977) . Because of a lack of assemblages to constrain CALC calculations, but the latter is slightly higher. Temoxygen fugacity, a reference value of X H2O = 0·9 was peratures for samples 9819 from the migmatite zone and used for all calculations. If X H2O = 1 was used, estimated 9822 from the sillimanite zone (596 and 584°C) are much pressures and temperatures decreased only by 0·2-0·4 kbar and 5-10°C. End-member activities were calculated lower than those for the adjacent metapelite (sample VOLUME 44 NUMBER 2 FEBRUARY 2003 Mig  9821  4·4  5·2  6·8  7·5  659  671  684  697  709  720  6·1  692   2  1·7  1·2  1·2  1·2  3 2  3 2  3 2  3 0  3 0  3 0  2 ·4  7 0   fit   1·5  0·8  0·6  0·7  0 ·9  0·8  0·7  0·6  0·7  0·8  0 ·7 Average P-T calculations for the peak metamorphism were made using version 2.6 of THERMOCALC consistently at X H2O = 0·9. 2 , standard deviation; fit , 2 test. * PT range only for biotite zone samples (D973 and 9836). †Not available. Temperatures were calculated using garnet-hornblende Mg-Fe exchange geothermometer (T G+P , Graham & Powell, 1984) , amphibole-plagioclase geothermometer (T H+B , Holland & Blundy, 1994) , plagioclase-hornblende geothermometer (T P , Plyusnina, 1982) and chlorite geothermometer (T B , Bevins et al., 1991) ; pressures calculated using the garnet-plagioclase-hornblende-quartz geothermobarometer (P K+S , Kohn & Spear, 1989) , plagioclase-hornblende geothermobarometer (P P , Plyusnina, 1982) and Al-in-hornblende barometer (P A+S , Anderson & Smith, 1995) . m, matrix; r, retrogression.
9821; >690°C), and hence probably suggest that garnet et al., 1991, and references therein) from two amphibolites in the staurolite (D9742) and migmatite (9821-2) zones is not in equilibrium with amphibole. Garnets in sample 9819 range from 1·5 to 3 cm in diameter (see above), yielded temperatures of 290-350°C (Table 5) .
Garnet-plagioclase-amphibole-quartz assemblages in which is far larger than the distance at which diffusive Fe-Mg exchange occurs at >650°C (Florence & Spear, amphibolites were also used to calculate pressures. According to the calibrations of the plagioclase-hornblende 1989). Garnet from this sample shows prograde zoning that is inferred to have developed during M 1 and yielded geothermobarometer (Plyusnina, 1982) and garnetplagioclase-hornblende-quartz geobarometer (Kohn & Sm-Nd ages of >204-200 Ma (Huang et al., 2002) . These two temperature estimates may be considered as ), a cluster of higher pressures of >6·6-8 kbar was obtained for the garnet to kyanite zones, and supporting evidence for remnants of an early metamorphic phase, and could approximately represent the slightly lower pressures of >5·5 kbar for the sillimanite zone compared with pressures derived from the metapre-M 2 conditions. Therefore, we suggest that these rocks give M 1b rather than M 2 temperatures, probably in-pelites. However, these results are probably within uncertainty of calculations made from metapelites (1-2 dicating they have not been re-equilibrated during M 2 . Temperatures calculated from the amphibole-plagioclase kbar). The range of 6·6-8 kbar probably represents the maximum pressure for the M 1 metamorphism. For sample thermometer of Holland & Blundy (1994) are 565°C (garnet zone), 577-587°C (staurolite zone) and 9820 (CND basement), a pressure of 5·8 kbar was obtained from the intersection between the thermometer 585-587°C (kyanite zone). These are in the range of those calculated from THERMOCALC, except for migmatite-of Holland & Blundy (1994) with the Al-in-hornblende geobarometer of Anderson & Smith (1995) . This geozone samples 9819 and 9821-2. Temperature estimates for the metagabbro sample 9820 (Table 5) indicate that barometer is applicable to limited rock types with assemblages of Hbl + Kfs + Pl + Qtz + Bt + Ttn + the CND basement was metamorphosed at temperatures in excess of 720°C during M 2 . Plots of plagioclase-calcic Czo. Sample 9820 lacks K-feldspar, but contains the other minerals. In the absence of K-feldspar, the geoamphibole pairs after Plyusnina (1982) indicate a reasonable temperature range of 530°C for the garnet zone to barometer can still be applied; however, the pressure estimate is the maximum, as discussed by Anderson & 560-570°C for the kyanite zone. Temperatures obtained based on an x-T plot of retrograde (M 3 ) chlorite (Bevins Smith (1995) .
Both reactions explain the lack of chlorite in the staurolite DISCUSSION zone. Reaction (2) occurs at 570-580°C at 6-7 kbar ( Fig. 
P-T-t paths
9), and provides a minimum temperature constraint for The P-T-t history of the DDMT may be constrained the staurolite zone. by phase relations based on the observed mineral paIn the kyanite zone, kyanite commonly coexists with rageneses and microtextures. As M 1a phases are only staurolite, suggesting that the first appearance of kyanite rarely included as relics in the M 1b minerals, and M 1a is related to mineral parageneses indicate lower greenschist-facies St + Ms + Chl + Qtz = Ky + Bt + H 2 O (4) metamorphism, it is impossible to precisely constrain the P-T conditions or evolution of the M 1a event. Given the or a related continuous reaction. This reaction occurs at mineral assemblage Ser-Chl-Ab-Qtz commonly seen in 590-600°C at 6-7 kbar (Fig. 9) , which explains overthe sericite-chlorite zone, temperatures are likely to be lapping temperature estimates calculated for the staurolite lower than those in the biotite zone ( T Ζ475°C), and and kyanite zones. The lack of evidence for breakdown could be in the range 300-420°C on the basis of meta-of muscovite + staurolite within the kyanite stability morphic gradients and reported temperatures for chlor-field suggests that temperatures were less than >650°C ite-zone metapelites elsewhere in the world (Turner, (Fig. 9) . The paragenesis Ky + St + Grt + Ms + 1981). Similarly, the late retrograde conditions of M 3 are Bt + Qtz + Ilm suggests a typical medium-pressure not well constrained owing to the high variance of M 3 Barrovian-type metamorphism, with the pressure never mineral assemblages. Temperatures for this event could exceeding 10 kbar (Spear, 1993) . The zoning pattern only be roughly estimated at 290-350°C according to of garnet compositions suggests that prograde M 1 in the chlorite solid solution geothermometer of Bevins et individual zones involved heating and burial (Tracy, al. (1991 (Tracy, al. ( ). 1982 , which is consistent with a clockwise P-T-t path. Phase relationships during M 1b and M 2 in the biotite
In the southern part of the sillimanite zone, staurolite is to sillimanite zones can be expressed by using a petro-locally pseudomorphed by sillimanite, garnet and biotite, genetic grid for metapelites in the KFMASH system (e.g. which suggests that the discontinuous KFMASH reaction Spear & Cheney, 1989; Powell et al., 1998; Fig. 9 ). Addition of minor components such as MnO and CaO St + Ms + Qtz = Sil + Grt + Bt + H 2 O (5) to the KFMASH system could affect the stability of some has been crossed. According to the grid in Fig. 9 , the minerals in the grid. However, in the present case the reaction predicted by THERMOCALC is KFMASH grid provides an adequate theoretical framework in which to examine phase relationships. Figure 9 St + Bt + Qtz = Sil + Grt + Ms + H 2 O. (6) shows a partial KFMASH petrogenetic grid relevant to However, based on the decrease in muscovite abundance the biotite to sillimanite zones, with some additional the reaction is likely to really be (5). The topology of experimental constraints relevant to melting in the migreaction (6) is different from that of reaction (5) because matite zone.
of problems with thermodynamic data used for staurolite In most of the biotite-zone metapelites, chlorite occurs by THERMOCALC (Powell & Holland, 1990) . Crossing in association with biotite and muscovite. However, in of reaction (5) suggests a minimum temperature of the garnet zone chlorite is minor or absent. This suggests >650°C within the sillimanite zone at 6 kbar (also see that garnet has probably formed by the continuous Spear & Cheney, 1989) , consistent with the P-T estimates KFMASH reaction (Fig. 9) . In some metapelites (e.g. D972334), polymorphic Chl + Ms + Qtz = Grt + Bt + H 2 O
(1) replacement of kyanite by sillimanite may also have taken place: which migrates to more Mg-rich compositions with rising temperature. The Fe-end-member reaction for (1) occurs Ky = Sil.
(7) at >500°C (Fig. 9 ) and may provide a minimum temReaction textures, which are generally lacking in the perature constraint for the garnet zone. This is consistent sericite-chlorite to kyanite zones, are very common in with P-T constraints from THERMOCALC calculations metapelites from the sillimanite and migmatite zones. (Table 4) .
These reaction textures are inferred to reflect the overThe first appearance of staurolite is probably related print of M 1 by M 2 , rather than a continuous metamorphic either to the KFMASH discontinuous reaction evolution, because geochronological evidence suggests Grt + Chl + Ms + Qtz = St + Bt + H 2 O (2) that: (1) peak metamorphism in the M 1 zones occurred at >200-190 Ma, whereas it occurred at >168-158 or the continuous KFMASH reaction Ma in the M 2 zones; (2) locally >200 Ma M 1 ages are preserved in the M 2 zones (Huang et al., 2002) . Within the M 2 sillimanite and migmatite zones, M 1 (CaO-Na 2 O-K 2 O-FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O) analogue of reaction (8). garnet is commonly replaced or corroded by sillimanite, and separated from muscovite by fibrolite mats and
The observed garnet breakdown textures reflect the higher temperature and lower pressure for M 2 with biotite ( Fig. 7d) . Garnet is locally absent in biotite and sillimanite-rich rocks. These textures suggest that the respect to M 1 , even though M 2 occurred at the structurally lowest levels in the cover sequence. This feature is conpressure-sensitive divariant KFMASH reaction sistent with the observation that sillimanite-grade metaGrt + Ms = Sil + Bt + Qtz (8) morphism was coeval with limited uplift of the DDMT.
Overall, relationships between mineral growth and dehas occurred. This reaction texture can be examined in formation phases, mineral compositions, and P-T esa KFMASH P-T pseudosection for a relevant metapelitic timates for the DDMT define clockwise P-T-t paths for bulk composition . As the Grtboth M 1 and M 2 (Fig. 9) . Because M 1 and M 2 have Ms-Sil-Bt field is sub-horizontal in P-T space the prorecently been dated at >210-190 and 168-158 Ma, gress of this reaction typically indicates decompression respectively (Huang et al., 2002) , reaction textures in that for most pelitic bulk compositions occurs at pressures the sillimanite and migmatite zones probably reflect a of Ζ6 kbar. Pseudosection calculations using the bulk discontinuous P-T-t evolution between M 1 and M 2 , as compositions of representative metapelites from the indicated by the crosscutting nature of M 2 isograds ( Calassou (1994) suggested that the metamorphic at between 4·2 and 5 kbar. Therefore, the occurrence of zones in the DDMT were formed progressively during garnet-free sillimanite-biotite-bearing metapelites in the crustal thickening. If this were the case, the sillimanitesillimanite and migmatite zones is consistent with peak and migmatite-zone rocks would give higher pressures M 2 pressures being <6 kbar. Anorthite-rich plagioclase and temperatures than the kyanite-zone rocks and re-(bytownite) intergrown with sillimanite and biotite occurs action (6) would be crossed from the kyanite to migmatite only in some garnet-free metapelites (see above), and thus may have been produced by the CNKFMASH zone. However, these were not observed. The higher temperatures and lower pressures for the sillimanite and constraints on melting of similar real micaschists (Patiño migmatite zones compared with the kyanite zone also Douce & Harris, 1998) , which produce identical assuggest that M 1 and M 2 represent discrete events.
semblages via reaction (10) to those seen in the DDMT at >720-750°C; (3) melts formed via water-present reactions such as reaction (9) not being able to segregate easily from their source rocks (McLellan, 1983) . Calassou, S. (1994 
